The strain of Bacillus subtilis 168 used in laboratories in Japan was distributed in the 1990s when the sequencing consortium commenced operations. After 20 years of use of B. subtilis 168 in many laboratories, observations of variations in growth phenotypes have been reported. In this study, to uncover laboratoryspecific variations of B. subtilis 168 strains in Japan, we re-sequenced 11 B. subtilis 168 strains from nine laboratories and analyzed how their genomes differed. We found that the 168 strains from different laboratories differed by 1-7 variations. These variations might have been caused by differences in storage conditions in the laboratories or differences among colonies of the original stock. Based on our results, researchers ought to understand the genetic differences among wild-type (parental) strains in different laboratories and the reference strain by re-sequencing analysis, and ought to pay more attention to the management of laboratory strains.
With the recent advent of next-generation sequencing technologies, one can achieve an accurate characterization of a mutant genome relevant to a parental reference strain. Because of the relatively small genome size of bacteria, sample multiplexing (also called barcoding or indexing) makes it possible to sequence dozens of bacterial whole genomes in one sequencing run. This dramatically accelerates the speed of analysis in bacterial genetics.
An accurate reference sequence is necessary to identify the variations that cause a mutant phenotype. Bacillus subtilis is used as a model for Gram-positive bacteria for more than half a century. The genome of the B. subtilis 168 strain was sequenced by an international consortium in the 1990s, and was published in 1997. 1) Since sequencing the genome involved more than 30 laboratories, there was concern about sequencing errors. Srivatsan et al. identified 1,519 variations of the published sequences using a next-generation sequencer.
2) This published reference sequence was updated by re-sequencing using next-generation sequencing technologies in 2009.
3)
The strain of B. subtilis 168 used in laboratories in Japan was distributed from Dr. Naotake Ogasawara's laboratory (Nara Institute of Science and Technology) when the Japanese sequencing consortium commenced operations in the 1990s. 4) We noticed that there were approximately 20 variations between our laboratory's 168 strain and the reference sequence 3) when we re-sequenced it using next-generation sequencing (data not shown). One possibility is that errors still exist in the updated reference. Another is that laboratory-specific variations exist in our laboratory's 168 strain. For example, it has been found that isolates of E. coli MG1655 from different laboratories can display considerable variations. 5) A similar observation was reported for cyanobacteria. 6) Similarly, after 20 years of use of B. subtilis 168 in many laboratories, observations of variations in the growth phenotype were reported (e.g., variations in the growth rate on minimal media), and hence a new culture derived from the original collection of B. subtilis strain 168 was used in functional analysis and re-sequencing projects. 3) In the post-genome era, study depends extensively on genomic information. Thus obtaining genome information on laboratory strains would aid in understanding the reproducibility of results between laboratories. In this study, to uncover laboratory-specific variations of B. subtilis 168 strains in Japan, we re-sequenced 11 B. subtilis 168 strains from nine laboratories including different source (BGSC-1A1) and analyzed how their genomes differed.
Materials and Methods
Bacterial strains. B. subtilis 168 strains used in this study are described in Fig. 1 . Preparation of sequence grade DNA was performed at respective laboratories.
Tagged genomic library preparation and Illumina multiplex sequencing. Sequenced libraries were prepared following the manufactures' protocols. Briefly, 3 mg of genomic DNA was fragmented to an average length of 200 bp by the Covaris S2 system (Covaris, Woburn, MA). The fragmented DNA was repaired, a single A nucleotide was ligated to the 3 0 end, Illumina Index PE adapters (Illumina, San Diego, CA) were ligated to the fragments, and the sample was size-selected aiming for a 300-bp product with E-Gel SizeSelect 2% (Invitrogen, Grand Island, NY). The size-selected product was amplified by PCR for 18 cycles with primers InPE1.0, InPE2.0, and Index primer containing a unique-index tag for each individual sample. The final product was validated by Agilent Bioanalyzer 2100 (Agilent, Santa Clara, CA). Pooled libraries were sequenced on Illumina Genome Analyzer II following the manufactures' protocols, generating 75-or 91-bp paired-end reads and 6-bp index tags. Sequence data were generated on two separate runs of an average size of 300 Mb per sample. Details of the output data are given in Supplemental Table S1 (see Biosci. Biotechnol. Biochem.
Web site).
Analysis of sequences. Sequence reads from each sample were mapped onto the B. subtilis 168 reference genome (accession no. NC 000964.3), with BWA software (ver. 0.5.1) 7) with default parameters. Possible variations (SNP/Indel) were listed using SAMtools software (ver. 0.1.9). 8) To identify correct variations, we applied the following filtering criteria to the candidates: (i) the coverage at the non-reference allele of at least 5; (ii) Indels must meet an SNP quality threshold of 50 and substitutions must meet an SNP quality threshold of 20 (SAMtools assigns SNP quality, which is the Phred-scaled probability that the consensus is identical to the reference); (iii) variations must meet a mapping quality of 30 (SAMtools assigns Mapping quality, which is the Phred-scaled probability that the read alignment is wrong); (iv) percentage of sequence reads showing the variant allele must exceed 55%. The filtered lists of variations were annotated by COVA (comparison of variants and functional annotation) (http://sourceforge.net/projects/cova/). To discover structural variations, we computed the average read depth within 1-kb windows and used BreakDancer software (ver. 0.0.1r81) 9) with default parameters.
Sanger sequencing to confirm variations. Genomic regions of 500-base around the SNPs and Indels detected by BWA and SAMtools were amplified by PCR and sequenced directly on a capillary sequencer by the Sanger method using the commercial sequence service of Macrogen (Tokyo). The primers used are listed in Supplemental Table S2 .
Data access. The raw sequence reads used in this study are available at the DDBJ Sequence Read Archive (DRA) under accession no. DRA000969.
Results and Discussion
Distribution of variations across the 11 B. subtilis 168 strains used in Japan Two B. subtilis 168 phyletic lines are used in Japan. One is the strains labeled 168, the another is those labeled BGSC-1A1, an independent isolate of the 168 strain is deposited in the Bacillus Genetic Stock Center (BGSC).
10) The distribution of variations (SNPs, Indels and large deletions) detected in the strains is shown in Fig. 1 . The distribution of variations is clearly distinguished between the 168 and the BGSC strains. Compared with 168, the BGSC strains have additional variations. Despite the different sources of NAIST and BGSC, there were common variations among all strains, as well as unique variations in each strain. These common variations appeared not to be true variations, but sequencing errors of the reference sequence (see below). Compared with 168-C and its subculture of 168-C 0 , an accumulation of variations was found in 168-C 0 . In 168-F, deletion of 48 kb SKIN element was found. Details are discussed below.
The numbers of detected variations in seven B. subtilis 168 strains are summarized in Table 1 . The 168-A strain was distributed from Europe to the Japanese sequencing consortium about 20 years ago, and 14 variations were found to be different from the updated reference sequence 3) (Supplemental Table S3 ). All the variations of the 168-A strain were validated by Sanger sequencing. There are two possibilities to account for these discrepancies. One is that they reflect differences in the independent isolates (colonies) of the 168 strain. The second possibility is that errors remain in the updated reference sequence. Barbe et al. reported that the differences of isolates was 6 bases in the strain JH642, and 13 bases in case of the strain SMY.
2) Thus, a dozen variations would arise from independent isolates (colonies) of the same strain. 168-A has approximately twice as many indels as the SNPs. When the old reference sequence of 168 1) was updated by re-sequencing, 454 pyro-sequencing and Illumina sequencing were used.
3) Pyro-sequencing technology tends to miscall Indels in homopolymer runs. While erroneous Indels were tried being corrected by Illumina sequence reads, they may have remained. Since all variations of the 168-A strain were detected in all strains including different isolates of BGSC-1A1, it is likely that these 14 variations of 168-A were due to sequencing errors in the updated reference sequence.
3) However, most of them detected in this study fell into the intergenic region, and thus had little influence on the annotations (Supplemental Table S3 ). 
Genomic divergence of B. subtilis 168 strains among laboratories in Japan
To evaluate the divergence of 168 strains among the laboratories in Japan, we further compared the variations of several strains. While the distribution of variations in 168-C was identical to that in 168-A, some strains have additional variations. The 168-B to 168-F strains have one to seven variations as compared to 168-A (Table 1) . Especially, 168-C 0 which is a subculture of 168-C strain in the same laboratory, accumulated six variations. It has been reported that two isolates of the B. subtilis JH642 strain differed by as few as six base pairs.
2) The differences between 168-A and other the 168 strains are of the same magnitude. These variations might be caused by differences in storage conditions in the laboratories or differences among colonies of the original stock.
The laboratory-specific variations include two intergenic changes, five synonymous (silent) changes, three frame-shift changes, and eight missense mutations (Supplemental Table S4 ). Frame-shift changes occurred in phoA, opuD, and yqxJ, whose functions are alkaline phosphatase, glycine betaine transporter, and unknown respectively. Missense mutations are found in cspR, wprA, dppE, topA, yosH, ywfH, yxzC, and tetB. cspR is an essential gene that encodes putative rRNA methylase. 11) wprA and dppE are localized in the cell membrane. They encode a cell wall-associated protease 12) and a dipeptide ABC transporter, 13) respectively. topA is perhaps important for DNA topology. 14) yosH and ywfH are of unknown function. ywfH (bacG) involves the biosynthesis of the antibiotic bacilysin. 15) tetB involves resistance to tetracycline. 16) We have not examined the phenotypic differences resulting from these variations, and it remains possible that there are phenotypic differences from 168-A. Moreover, deletion of a 48-kb SKIN region was found in the 168-F strain from the read-depth plot (Fig. 2) . The shape of the readdepth plot also indicated a difference in growth conditions. In 168-A, an almost flat shape indicated that the cells were in the stationary phase. On the other hand, in 168-F, the ratio of sequence reads around the origin region was approximately 2-fold higher than of the terC region, indicating that the cells were in the log phase. The SKIN element interrupts a gene encoding a sporulation-specific sigma factor, SigK. When cells enter developmental phases, the SKIN element is excised from the genome only in the mother cell, allowing its flanking regions to join and form a complete gene, and thus turns on sporulation genes. 17) However, some of the other isolates maintained in laboratory-F were found to retain the SKIN element (data not shown). These results indicate a small amount of heterogeneity in the same laboratory.
Genomic divergence of B. subtilis 168 (BGSC-1A1) strains among laboratories in Japan
The 168 strain distributed to the sequencing consortium was the one conserved by C. Anagnostopoulos. 3) On the other hand, BGSC-1A1 is an independent isolate of the same 168 strain that was deposited in BGSC in the mid 1970s by James Shapiro through P. Schaeffer and A. L. Sonenshein. 18) With an old version of reference sequence, 1) Srivatsan et al. compared 168 between BGSC-1A1 strains, and reported 31 variations.
2) This accumulation of variations in BGSC-1A1 is compatible All strains were compared to the 168 reference sequence. 3) Numbers in parentheses show differences between a given strain and 168-A. Ã Large deletion. Coverage was obtained by calculating the average number of sequence reads in a given 1-kb window.
Resequence Laboratory-Specific Variations of Bacillus subtiliswith the fact that BGSC-1A1 had a longer strain history than the 168 strain. With updated reference sequence of 168, 53-62 variations were found ( Table 2 ). Excluding 14 variations considered sequencing errors in the reference sequence, 3) there were 33 common variations among the four strains of 1A1, corresponding closely to the early study (Supplemental Table S5 ).
2) After excluding the common variations among the four strains of 1A1, each strain had 5-14 variations (Supplemental Table S6 ).
Conclusion
In this study, we resequenced B. subtilis 168 strains including different isolates (BGSC-1A1), and we identified the base variations among laboratories. Although the differences in strain 168 among laboratories were few, some strains had unique variations and may have a hidden phenotype. These variations might have been caused by differences in storage conditions in the laboratories or differences among colonies of the original stock. Based on our results, it is necessary to understand the genetic differences between the wildtype (parental) strain at each laboratory and the reference strain by re-sequencing analysis, and to pay more attention in managing laboratory strains.
